Geobacter sulfurreducens is a δ-proteobacterium bacteria that has biotechnological applications in bioremediation and as biofuel cells. Development of these applications requires stabilization and preservation of the bacteria in thin porous coatings on electrode surfaces and in flow-through bioreactors. During the manufacturing of these coatings the bacteria are exposed to hyperosmotic stresses due to dehydration and the presence of carbohydrates in the medium. In this study we focused on quantifying the response of G. sulfurreducens to hyperosmotic shock and slow dehydration to understand the hyperosmotic damage mechanisms and to develop the methodology to maximize the survival of the bacteria. We employed FTIR spectroscopy to determine the changes in the structure and the phase transition behavior of the cell membrane. Hyperosmotic shock resulted in greatly decreased membrane lipid order in the gel phase and a less cooperative membrane phase transition. On the other hand, slow dehydration resulted in increased membrane phase transition temperature, less cooperative membrane phase transition and a small decrease in the gel phase lipid order. Both hyperosmotic shock and slow dehydration were accompanied by a decrease in viability. However, we identified that in each case the membrane damage mechanism was different. We have also shown that the post-rehydration viability could be maximized if the lyotropic phase change of the cell membrane was eliminated during dehydration. On the other hand, lyotropic phase change during rehydration did not affect the viability of G. sulfurreducens. This study conclusively shows that the cell membrane is the primary site of injury during hyperosmotic stress, and by detailed analysis of the membrane structure as well as its thermodynamic transitions it is indeed possible to develop methods in a rational fashion to maximize the survival of the bacteria during hyperosmotic stress.
Introduction
Geobacter sulfurreducens, Rhodoferax ferrireducens, and Shewanella oneidensis are capable of transferring electrons across the cell membrane [1] [2] [3] [4] [5] . In particular, G. sulfurreducens can oxidize organic compounds and transfer electrons directly to metal surfaces even in the absence of soluble mediators [1] . This makes G. sulfurreducens a valuable bioremediative agent for oxidation of contaminants and reduction of toxic metals [6] [7] [8] . G. sulfurreducens can also be used to generate electricity from waste organic matter in remote biosensors or as biofuel cells [1, 9, 10] . Such biotechnological applications require successful encapsulation and stabilization of the catalytically reactive bacteria in thin protective coatings on electrode surfaces [11] and in flow-through bioreactors. It is also of utmost importance to develop effective preservation methods for the storage of the coatings that contain the encapsulated bacteria.
Latex coatings can be used to form hyperporous biocatalytic matrices to encapsulate reactive bacteria [12, 13] . The hyperporous matrix enables rapid diffusion of chemicals while mechanically protecting and isolating the bacteria from the solution environment [7] . The reaction rates in biocatalytic coatings are dependent on the porosity of the matrix [14] . To adjust the porosity, carbohydrates (such as sucrose, sorbitol or trehalose) are incorporated in the latex formulation during the encapsulation process [14] . The pore-forming ability of the carbohydrates is attributed to their high water affinity, which generates a "water buffer" in the matrix [7] . An added benefit of the carbohydrates is their protective capability against dehydration. It is known that carbohydrates can protect liposomes [15] , isolated biological membranes [16] , isolated organelles [17] , bacteria [18, 19] and mammalian cells [20, 21] against dehydration stress. It is generally accepted that carbohydrates stabilize the biological structures and protect the organisms during dehydration by replacing the water surrounding the biomolecules and the membranes [22] [23] [24] and by dampening the molecular motions [25] .
Inevitably, osmotic, mechanical, and thermal stresses are formed during the encapsulation process due to polymerization of the coating material, and the presence of carbohydrates in the surrounding medium. These stresses reduce the viability and the reactivity of the encapsulated bacteria. Since the cell membrane is the primary site for hyperosmotic injury [26, 27] the structural changes it undergoes and its integrity are of primary interest. It is proposed that the de-/ rehydration kinetics as well as the environmental temperature determine the structure and the integrity of the cell membrane and therefore directly affect the survival of the bacteria during exposure to hyperosmotic stress [28] [29] [30] .
Cell membrane lipids are highly hydrated. Therefore, individual lipid mobility and collective lipid dynamics (i.e., the packing structure and organization) depend on the activity of the surrounding water [31] . When the cell membrane is fully hydrated it is dominantly in the liquid crystalline (l.c.) phase. However, it transitions into the gel phase with reduction in temperature (thermotropic transition) or water activity (lyotropic transition). The liquid crystalline state is characterized by increased lipid head group spacing, increased disorder in the lipid acyl chains, and a small bilayer thickness [32, 33] . In the gel phase the lipid head groups are very tightly packed, the lipid acyl chains become straighter and ordered, and the bilayer thickness increases [32, 33] . The direct influence of the osmotic stress on the cell membrane is documented in bacteria with the observation of endocytotic vesiculation and membrane fluidity change in osmotically stressed Escherichia coli [28, 29] , increased membrane fluidity in osmotically stressed Bradyrhizobium japonicum [30] , and increased membrane phase transition temperature in air-dried Lactobacillus bulgaricus [19] . Membrane phase transition is believed to initiate lipid phase separation [34] , and membrane fusion [34] , directly affecting the viability of the dehydrated organism. Also due to co-existence of the different phases during a phase transition, membrane permeability increases and cells become leaky [35] . Leaking of the cellular contents during rehydration has been identified as the major reason for reduction in viability [34] .
The structure of the membrane, and its lyotropic and thermotropic phase transitions can be monitored using fluorescence microscopy [36] , Differential Scanning Calorimetry [37] , and Fourier Transform Infrared (FTIR) spectroscopy [38] . FTIR spectroscopy has been successfully used to measure the lipid phase transition temperatures of liposomes [15] , pollen [39] , yeast [40] sperm [41] and bacteria [19, 27] . IR spectra, in addition to supplying information on the membrane state and transition kinetics, also contains information on the secondary structures of the cellular proteins [42, 43] . The ability to nondestructively and simultaneously quantify the changes in different cellular structures makes FTIR the method of choice in our experiments.
Lyophilization and cryopreservation are the preferred methods for the preservation of bacteria [44] . However, lyophilization and cryopreservation require processing at cryogenic temperatures. To reduce the processing and storage costs, alternative preservation methods such as air, foam, spray and fluidized bed drying have been proposed (see Morgan et al., 2006 [44] for a review of the last three methods). Of all the drying methods listed, air drying is the most feasible and advantageous one for the preservation of the latexencapsulated G. sulfurreducens. The costs associated with cryopreservation can be eliminated if G. sulfurreducens can be successfully encapsulated, preserved in a dehydrated state, and stored at room temperature. Therefore, development of methods to increase the resistance of the cells to dehydration stress is crucial not only for encapsulation in coatings but also from preservation point of view.
In this study, we explored the mechanisms of hyperosmotic stressinduced viability loss in G. sulfurreducens in order to maximize its survival during encapsulation and preservation in a desiccated state. We employed FTIR spectroscopy to investigate the structure and the thermodynamic phase transitions of the cell membrane. We have determined the changes in the membrane phase transition temperature (T m ), membrane phase transition cooperativity (ξ), and lipid order as a function of the magnitude and the rate of the extracellular osmotic stress, and dehydration/re-hydration temperatures. The values chosen for these parameters mimicked the conditions encountered during encapsulation in latex coatings [7] . SeO 4 ) . Acetate (as electron donor) was added to the solution at a concentration of 20 mM. The pH of the culture media was adjusted to 6.8, 2 g/l NaHCO 3 was added, and the media was flushed with oxygen-free N 2 /CO 2 (80/20 v/v) prior to sealing with butyl rubber stoppers and autoclaving. Within 3 h of reaching maximum optical density (OD 600 N 0.6), 10 ml aliquots of the cell suspension were centrifuged for 5 min at 5000 g. The cells were then pelleted and re-suspended in either 20 μl of fresh culture medium, or culture medium containing sucrose (see below). Solid media (used in measuring viability by colony forming units) was prepared by adding 1.5% agar (Difco Corp., Lawrence, KS) to the culture media, and pouring into petri plates inside an anaerobic chamber.
Materials and methods

2
Application of hyperosmotic shock and slow dehydration
In order to investigate the effects of hyperosmotic shock on G. sulfurreducens viability, pelleted bacteria were re-suspended in growth medium that contained 0% (as the control group), 6.75, 13.5, or 27% w/w sucrose. In order to investigate the effects of slow dehydration, 20 μl solutions containing G. sulfurreducens were airdried up to 45 min in growth medium that contained 0, 6.75 or 13.5% w/w sucrose. The drying temperature (T d ) was 30°C and the environmental relative humidity (RH) was kept constant at 65%. Dried samples were re-hydrated at a re-hydration temperature (T r ) of 30 or 40°C. In order to investigate the effects of drying temperatures, 20 μl solutions containing G. sulfurreducens were dried in growth medium that contained 0% (as the control group) or 6.75% w/w sucrose at T d = 5°C and RH = 11%, and were re-hydrated either at T r = 5°C or 30°C. The environmental RH was adjusted to 11% for the T d = 5°C case so that the partial pressure of water in the environment was the same as in T d = 30°C, 65% RH case. This ensured that the drying kinetics and the water content at the final state were identical in both drying temperatures. Drying times at each temperature were also varied (0, 15, 30, 45 or 60 min) to achieve samples of different final state water content and activity.
G. sulfurreducens viability measurements
G. sulfurreducens viability experiments were performed in an anaerobic box (flushed with H 2 :CO 2 :N 2 5:20:75) after the dried samples were re-hydrated with growth medium at different temperatures (T r = 5°C, 30°C or 40°C) by adding 1 ml of growth medium. Re-hydrated bacteria were then incubated for 30 min at either 5°C, 30°C or 40°C. A fluorescence-based viability assay (Baclight L7012; Molecular Probes, Portland, OR) was used to determine cell viability. The viability assay utilized the change in the permeability of G. sulfurreducens membrane to specific dyes as a measure of viability. The assay consisted of two dyes: Propidium Iodide and SYTO 9, which were mixed at a 1:1 molar ratio. Fluorescence from the live G. sulfurreducens population was measured at an excitation wavelength of 430 nm and an emission wavelength of 530 nm using a fluorescent plate reader (Spectra Max, M2, Molecular Devices Company, Sunnyvale, CA). Fluorescence from the dead/permeable G. sulfurreducens population was measured at an excitation wavelength of 430 nm and an emission wavelength of 630 nm. Measurements were calibrated during each experiment by using hydrated control cells (100% live) and cells exposed to 70% ethanol (100% dead). T-test (two-sample test, assuming unequal variances) was applied to determine the statistical significance (P) of the experimental results. Comparison of the viability determined by the fluorescent live/dead assay to that measured by regular plate counts (based on cell growth on agar plates) demonstrated a linear, one-to-one correlation between the two methods (data not shown) showing the validity of the fluorescence viability assay.
Determination of the phase, lipid order and thermodynamic transitions of the membrane
Temperature ramp Fourier Transform Infrared Spectroscopy (FTIR) measurements were performed on osmotically shocked or slowly dehydrated G. sulfurreducens to monitor the changes in the structure and the phase transition behavior of the cell membrane. 20 μl of the experimental solutions containing G. sulfurreducens were deposited on CaF 2 windows and dried under specified RH and temperature conditions for different lengths of time matching the conditions in the viability experiments. After drying, the samples were sandwiched between two CaF 2 windows and placed in a controlled temperature cell. FTIR spectra were collected in the 930-8000 cm − 1 range using a Thermo-Nicollet 6700 spectrometer, equipped with a DTGS detector (Thermo-Nicolet, Madison, WI, USA). The temperature of the sample was recorded using a thermocouple that was located in the controlled temperature cell. FTIR spectra was recorded at 1 min increments while the sample was initially cooled from ambient temperature (22°C) down to 0°C, and then heated at a constant rate of 2°C/min to 100°C. At each temperature data point an IR spectrum was obtained by averaging 32 scans. G. sulfurreducens membrane lipid order which refers to the order/ straightness of the lipid acyl chains, was quantified by measuring the location of the νCH 2 symmetric stretching band maximum [38] , which was located approximately at 2850 cm − 1 in the control sample. Higher νCH 2 wavenumber/frequency indicates decreased lipid acyl chain order [45] . The change in the temperature dependence of the νCH 2 peak wavenumber was used to determine the membrane phase transition temperature (T m ). Cooperativity of the membrane phase transition (ξ) was determined by measuring the slope of the νCH 2 wavenumber change at T m . A more cooperative phase transition was indicated by a larger slope at the membrane phase transition temperature.
Water content analysis
Water contents of the dehydrated samples were determined gravimetrically and spectroscopically. Gravimetric analysis was performed by measuring the weight of the samples before and immediately after drying and also after baking for 2 h at 110°C (to remove all the water in the sample). The average water contents reported were the averages of three independent gravimetric experiments. In addition, spectroscopic analysis was used to obtain a measure of the ratio of water per cell by ratio of the combination water band area (1900-2300 cm − 1 ) to the peak intensity of νCH 2 peak. The peak intensity of the νCH 2 peak was calculated from the second derivative peak intensity [46] .
Results
Effect of hyperosmotic shock on G. sulfurreducens viability and membrane phase transition behavior
Experiments were first conducted to evaluate the effects of rapid hyperosmotic shock on the viability of G. sulfurreducens. Cells were exposed to growth medium solutions containing sucrose concentrations up to 27%. Based on live/dead fluorescence analysis, viability of G. sulfurreducens was not significantly affected by the presence of up to 6.75% extracellular sucrose (Viability = 95 ± 9%), showing that G. sulfurreducens could tolerate mild hyperosmotic shock. However G. sulfurreducens viability decreased significantly with further increase in the extracellular sucrose concentration (Table 1) .
FTIR spectroscopy was used to quantify the membrane response to hyperosmotic shock. Control cells suspended in growth medium had cooperative membrane phase transition (ξ = 0.058 ± 0.001 cm (Fig. 1) . As G. sulfurreducens do not have membrane bound organelles, the temperature-induced transition in the CH 2 peak wavenumber is associated exclusively with the l.c. to gel phase transition of the cellular membrane. A membrane phase transition located at 23°C for the unstressed cells indicated that, as expected, the cell membrane was almost completely in the l.c. phase at the growth temperature (30°C).
There was no significant difference in the T m values for G. sulfurreducens suspended in growth medium containing 0, 6.75 or 13.5% sucrose (Fig. 1) . However, membrane lipids were less ordered in the l.c. phase for the control cells (0% sucrose) compared to the cells suspended in 13.5 and 27% sucrose solutions (as indicated by the high νCH 2 wavenumbers [47] ). In the gel phase however, there was no significant difference in terms of lipid order between the cells suspended in 0, 6.75 and 13.5% sucrose solutions. There was no significant difference in the ξ values for G. sulfurreducens suspended in growth medium containing 0 and 6.75% sucrose. Exposure to 13.5% extracellular sucrose decreased the cooperativity of the membrane phase transition (ξ = 0.053 ± 0.001 cm Significance 0 (n = 4) 300 100 ± 0 -6.75 (n = 4) 500 95 ± 8.9 0.163 13.5 (n = 4) 700 63 ± 4.7 0.0003 27 (n = 3) 1100 41 ± 6.5 0.002 membrane phase behavior was drastically different with a higher membrane phase transition temperature (T m = 28°C ± 1°C), significantly reduced lipid order in the gel phase and reduced cooperativity (ξ = 0.033 ± 0.001 cm − 1 /°C). These results showed the changes in the properties of G. sulfurreducens membranes during hyperosmotic shock and revealed that extracellular sucrose directly affected the membrane structure and its thermodynamic phase transitions.
Effect of dehydration on G. sulfurreducens viability and membrane phase transition behavior
In order to determine the effects of gradually increased osmotic stress, and to test for possible protection capability of sucrose during dehydration, G. sulfurreducens suspended in growth medium (0% sucrose) and growth medium containing 13.5% sucrose were dried at T d = 30°C, and 65% RH for different time periods up to 1 h. Viability of the dried bacteria was determined after re-hydration at T r = 30°C. In both experimental groups viability decreased with increased drying time ( Fig. 2A) . At all timepoints the viability of the growth medium group was higher even though the difference between the two groups started to diminish after 45 min of drying.
Gravimetric analysis of bacteria revealed that growth medium samples dried for 1 h had 0.55 ± 0.14 g water /g drymatter . It is reported that 0.3 g water /g drymatter is the critical water content below which a significant reduction in viability is observed for E. coli and Serratia marcescens [22, 48] . The continuous decrease in viability at all drying times beyond 15 min demonstrate that G. sulfurreducens was sensitive to osmotic stress via slow dehydration.
Temperature ramp FTIR analysis was also performed on the G. sulfurreducens samples dried (65% RH, T d = 30°C) in growth medium and growth medium + 13.5% sucrose solutions. For both treatments, drying increased membrane T m values (Fig. 2B) . At all drying times, average T m values for G. sulfurreducens dried in growth medium + 13.5% sucrose solution were higher than the cells dried in the absence of sucrose. After 45 min of drying, T m values reached equilibrium, possibly due to equilibration of the solution water activity with the surroundings. The higher T m values for cells dried in the presence of sucrose revealed that extracellular sucrose posed additional osmotic stress on the membrane, and did not have membrane protection capability when it was present extracellularly. Fig. 3 shows the post re-hydration viability of G. sulfurreducens as a function of T m . When G. sulfurreducens was partially dried in growth medium, and the membrane phase transition temperature rose as high as T m = 32°C, viability was not affected (i.e., G. sulfurreducens could tolerate mild hyperosmotic stress without loss of viability). Above T m = 32°C, there was a negative linear correlation between G. sulfurreducens viability and the dehydrated state membrane phase transition temperature.
Similar behavior was also observed for G. sulfurreducens dried in 13.5% sucrose solution. The absolute viability of these cells differed at T m = 23°C due to the initial osmotic shock. For T m values greater than 32°C, cooperativity values for the membrane phase transition were not significantly different for all the sampled dried in the growth medium (ξ = 0.053 ± 0.006 cm − 1 /°C) and also for those dried in growth medium + 13.5% sucrose (ξ = 0.049 ± 0.006 cm − 1 /°C). This graph revealed that while the initial hyperosmotic shock (rapid exposure to 13.5% sucrose) altered the membrane integrity (indicated by the lower initial viability), remaining cells retained the ability to withstand slow dehydration, so long as membrane phase transition temperatures remained below a key threshold.
Thermotropic and lyotropic phase transitions
Based on our results on membrane phase transition and lipid order, we investigated the possibility of improving cell viability during dehydration by altering the drying and rehydration conditions. Previous results indicated that during drying at 30°C the cell membrane underwent lyotropic phase change from l.c. to gel phase. Similarly, upon re-hydration, the membrane experienced a lyotropic phase change, this time transitioning from gel to l.c. phase. In order to explore the effect of lyotropic phase change, G. sulfurreducens samples were dried at different temperatures (30 or 5°C). The cells dried at 30°C for 45 min experienced lyotropic phase transition as indicated by their T m N 30°C (Fig. 2B) . However, the cells dried at 5°C experienced a thermotropic phase change from l.c. to gel phase during cooling (prior to dehydration). Therefore, when dried, these cells were already in the Fig. 2 . Change in G. sulfurreducens (A) viability, and (B) T m with drying time for samples dried at 30°C and 65% RH for up to 60 min in growth medium (◊) and growth medium containing 13.5% w/w sucrose (□) (n = 3 in all data points. Lines are guides for the eye). Fig. 3 . Change in viability with T m for G. sulfurreducens samples dried at 30°C and 65% RH for up to 60 min in growth medium (◊) and growth medium + 13.5% w/w sucrose (□) (lines are drawn as guides for eye; error bars for T m are not shown for clarity; range of error: 1°C-3.5°C).
gel phase and lyotropic phase transition was completely eliminated in the 5°C group.
Membrane structure change with lyotropic phase change (T d = 30°C group)
Temperature ramp FTIR spectroscopy analysis revealed that T m values for the cells dried in the growth medium (0% sucrose) (T m = 35± 1.5°C) and growth medium + 6.75% sucrose (T m = 35 ± 4°C) were similar while those dried in growth medium+ 13.5% sucrose were higher (T m =40±1°C) (Fig. 4A ). All dried samples had higher wavenumber values at 0°C as compared to the hydrated G. sulfurreducens sample, indicating reduced membrane lipid order at this temperature [47] , especially for the cells dried in the presence of sucrose, reflecting a change in the membrane structure (see Discussion). A comparison of lipid order at the l.c. state at higher temperatures for growth medium (0% sucrose) and growth medium + 6.75% sucrose was not performed due to increased drying at the higher temperatures. The phase transition cooperativities (ξ) of the dried samples were not significantly different.
Membrane structure change with thermotropic phase change (T d = 5°C group)
When cells were dried at 5°C (preventing a lyotropic phase change during drying), G. sulfurreducens samples dried in growth medium and growth medium + 6.75% sucrose solutions also had high average T m values. T m values for the cells dried in growth medium (0% sucrose) (T m = 40 ± 6°C) and growth medium + 6.75% sucrose (T m = 42 ± 3.5°C) were similar. Unlike the cells dried at 30°C, wavenumber values at 0°C were similar to hydrated G. sulfurreducens cells indicating that membrane lipid order did not decrease during dehydration at 5°C. Membrane phase transition cooperativity of G. sulfurreducens dried in growth medium (ξ = 0.077 ± 0.005 cm − 1 /°C) was greater than that of G. sulfurreducens dried in growth medium containing 6.75% sucrose (ξ = 0.059 ± 0.001 cm − 1 /°C) ( Table 2 ). Cooperativity of G. sulfurreducens dried in growth medium + 6.75% sucrose at 5°C was slightly higher than that of G. sulfurreducens dried in growth medium at 30°C (Table  2) . These results showed that dehydration at 5°C created significantly different conditions in the cell membranes.
Effects of thermotropic and lyotropic membrane phase transitions on post-rehydration viability
Effects of various drying and rehydration conditions on postrehydration viability of G. sulfurreducens were also examined (Fig. 5) . G. sulfurreducens suspended in growth medium (containing up to 13.5% sucrose) were dried at 5 or 30°C, and re-hydrated at 5, 30 or 40°C. These conditions were chosen based on FTIR spectroscopy and viability data shown above to investigate the combined effects of sucrose and thermotropic and lyotropic phase transitions on the viability G. sulfurreducens following dehydration and rehydration.
Effect of the lyotropic phase change during re-hydration on G. sulfurreducens viability
Viability measurements were performed with G. sulfurreducens samples dried for 45 min in the growth medium containing 0, 6.75, and 13.5% sucrose at T d = 30°C and 65% RH. Re-hydration was performed at T r = 30°C to ensure that G. sulfurreducens underwent lyotropic membrane phase transition during re-hydration, or at T r = 5°C or T r = 40°C to eliminate lyotropic phase transition. In the preliminary experiments, we verified that G. sulfurreducens (which has maximum growth rate at 35°C) could survive incubation at 40°C without loss of viability (data not shown).
Viability of G. sulfurreducens dried at T d = 30°C in the growth medium (0% sucrose) for T r = 30°C and T r =40°C (Fig. 5) were not significantly different (P = 0.159). Similar results, showing a lack of significant change in viability due to re-hydration at a higher temperature, were obtained for the 6.75% sucrose (P = 0.262) and the 13.5% sucrose (P = 0.242) samples (Fig. 5) . The lack of a significant improvement or protective effect due to re-hydration at temperatures higher than T m indicated that a lyotropic phase transition during rehydration did not affect viability and the reduction in viability was actually due to lyotropic phase transition during dehydration. This was also confirmed with low temperature experiments presented below.
For T r = 30°C, viability of G. sulfurreducens dried at T d =30°C in the growth medium (0% sucrose) and in the growth medium containing 6.75% sucrose were not significantly different for (P = 0.1540), which was similar to the previous results obtained with rapid hyperosmotic shock ( Table 1) . At T d = 30°C viability of the cells dried in the growth medium containing 13.5% sucrose was significantly lower (P = 0.0316) Fig. 4 . Comparison of the membrane phase behavior of G. sulfurreducens dried in growth medium containing different concentrations of sucrose. (A) Change in νCH 2 maxima with temperature for G. sulfurreducens in growth medium (hydrated control) (O), dried in growth medium (◊), dried in growth medium + 6.75% w/w sucrose (▵) and dried in growth medium + 13.5% w/w sucrose (□) (samples were dried at 30°C for 45 min). (B) Change in νCH 2 maxima with temperature for G. sulfurreducens in growth medium (hydrated control) (♦), dried in growth medium ( ◊ ) and dried in growth medium + 6.75% w/w sucrose (▵) (samples were dried at 5°C for 45 min) (Representative data sets). than those dried in the growth medium containing 6.75%, also similar to what was observed in hyperosmotic shock experiments. For T r = 40°C, viability of the cells dried at T d = 30°C in the growth medium (0% sucrose) and in the growth medium containing 6.75% sucrose were not significantly different (P = 0.356). However, viability at both conditions were significantly higher than that obtained in the growth medium containing 13.5% sucrose (P = 0.001 and P = 0.029, respectively).
Effect of the lyotropic phase change during dehydration on G. sulfurreducens viability
In order to eliminate lyotropic phase transition during dehydration, cells were initially cooled (without drying) down to 5°C, where they were isothermally dried. Re-hydration was performed either at T r = 5 or 30°C (Fig. 5) . Viability of G. sulfurreducens dried in growth medium at 5°C was significantly higher than all of the other conditions examined (P ≤ 0.001). This demonstrated the pronounced effect of avoiding lyotropic phase transition during dehydration. However, for T d = 5°C there was a significant decrease in viability for the growth medium + 6.75% sucrose group (P ≤ 0.029) when compared to G. sulfurreducens dried in growth medium (Fig. 5) , showing that higher osmotic stress was detrimental even when the membrane was already in the gel phase. There was no statistically significant difference between the T r = 5°C and T r = 30°C groups at T d = 5°C for either the growth medium (P = 0.0986) or growth medium + 6.75% sucrose (P = 0.309) solutions, once again proving that membrane phase change was not detrimental for G. sulfurreducens during re-hydration.
Discussion
In certain biotechnological applications bacteria need to be stably encapsulated in a matrix and preserved for transportation and storage. During encapsulation cells are often exposed to high osmotic stresses due to polymerization of the matrix material and the presence of carbohydrates in the surrounding medium. Carbohydrates serve two purposes; they are used to adjust the porosity of the matrix and to protect the bacteria against freezing and dehydration damage. In this study, we performed spectroscopic analysis to understand the mechanisms of hyperosmotic damage to G. sulfurreducens in order to develop methodologies that maximize viability during, a) encapsulation in bioreactive coatings, and b) preservation of the encapsulated bacteria in a dehydrated state. Knowing that the cell membrane is a primary site of osmotic injury [26, 27] , we have focused our attention to the osmotically-induced alterations in the cell membrane. Temperature ramp FTIR spectroscopy analysis was used to provide a measure of the structure, lipid order, and the thermodynamic transitions of the membrane. We have conclusively shown that the information collected through FTIR analysis could be used to design techniques to maximize the viability of the bacteria during encapsulation and preservation.
We have conducted controlled dehydration and hyperosmotic shock experiments with G. sulfurreducens. With increasing concentration of sucrose in the extracellular solution, viability of the bacteria decreased. Extracellular sucrose altered the bacteria membrane structure, however, it neither inhibited the increase of T m nor protected the bacteria against dehydration. It is well known that to protect the membrane structure sugars should be present on both sides of the cell membrane [49] . Hence, the lack of dehydration protection by sucrose was not surprising. In fact, the presence of extracellular sucrose generated additional hyperosmotic stress, which correlated to a decrease in viability.
The high water affinity of sucrose [50] created a competition for water between the sucrose and the membrane lipids. This high affinity of sucrose for water can be seen by comparing the amount of water per cell and the T m for G. sulfurreducens dried in 0% and 13.5% sucrose solutions for 45 min (T d = 30°C, RH = 65%). Using spectroscopic analysis, it was found that the water content in the 13.5% sucrose samples (Viability: 46.5 ± 9.3%) was on average 80% more than that in the 0% sucrose samples (Viability: 55.2 ± 9.7%). The higher T m for the 13.5% sucrose sample demonstrated that the extra water was not available to the membrane. The direct correlation between G. sulfurreducens viability and its membrane phase transition temperature (Fig. 3 ) also showed that the determining factor is the availability of the water in the sample, not its quantity. This also shows that when comparing samples, thermogravimetric measurement of sample water content (a commonly utilized method) can be misleading since water content does not give an indication of the hydration level of the membrane.
We have quantified the hyperosmotic stress-induced structural changes in the cellular membrane by the change in the νCH 2 band peak location, which corresponds to the order of the lipid acyl chain. For example, due to higher concentration of sucrose in the medium, membrane lipid order in the l.c. phase of G. sulfurreducens suspended in 13.5% and 27% sucrose solutions (Fig. 1) was greater than that in the 0% or 6.75% sucrose solutions. On the other hand, the large decrease in lipid order in the gel phase for G. sulfurreducens in the 27% sucrose solution (Fig. 1) can be attributed to the destabilization of the membrane such as membrane rupture as suggested by Beney et al. [30] . Changes reflected by increased fluidity, which encompasses decreased membrane lipid order, have also been observed in Bradyrhizobium japonicum (also a gram-negative bacteria) when it was subjected to increased osmotic pressure [30] . In addition to decreased lipid order of the membrane in the gel phase, decreased cooperativity of the phase transition and increase in T m were also observed during hyperosmotic shock and slow dehydration.
In general, the effect of hyperosmotic shock on the membrane was marked by changes in the lipid order and phase transition cooperativity (Fig. 1) , whereas the effect of slow dehydration was reflected by an increase in T m and decrease in cooperativity (Fig. 2B) . The direct correlation between T m and viability (Fig. 3 ) obtained during slow dehydration shows that decreasing water activity is directly responsible for the damage to the cell. The viability of G. sulfurreducens dried in the 13.5% sucrose solution (T d = 30°C; RH = 65%) is the same as that in the 27% sucrose solution. However, the pronounced difference in the membrane structure and phase behavior between the two samples illustrates the difference between hyperosmotic shock and slow dehydration. The loss of phase transition cooperativity and low gel phase lipid order in G. sulfurreducens in the 27% sucrose sample may indicate the lack of stabilizing interactions among neighboring lipids. These characteristics may be attributed to membrane dissolution and disruption during hyperosmotic shock, whereas the small changes in cooperativity and lipid order observed in the slow dehydrated samples may indicate more subtle structural changes such as membrane fusion and vesiculation. These results point to the existence of two different mechanisms of membrane damage for hyperosmotic shock and slow dehydration.
Exposing G. sulfurreducens to slow dehydration stress in the absence of sucrose at temperatures (T d = 5°C) lower than the membrane phase transition temperature (i.e. eliminating lyotropic phase transition during dehydration) had a significant beneficial effect on the post-rehydration viability (Fig. 5) . It also revealed a direct correlation between the membrane structure (indicated by lipid order and cooperativity) and viability. G. sulfurreducens dried under these conditions had gel phase membrane lipid order similar to that of the hydrated control sample (Fig. 4B ) and also had significantly increased phase transition cooperativity as compared to the hydrated control sample ( Table 2 ) (P = 0.016).
The higher phase transition cooperativity of growth medium samples dried at T d = 5°C (Fig. 4B, Table 2 ) can be explained by stabilization of the gel phase due to higher gel-gel lipid interaction energies [51] . Cooperativity of a thermotropic gel to l.c. phase transition for a lipid bilayer is dependent on the magnitude of nearest neighbor interaction energy, ɛ, [51] between the lipid molecules in the gel and l.c. phases as given by: e = j2e l:c:-gel −ε gel-gel −ε l:c:-l:c: j: ð1Þ
An increase in the absolute magnitude of ɛ corresponds to an increase in cooperativity of a thermotropic gel to l.c. phase transition [51] . An increase in ɛ, and therefore cooperativity, results from an increase in the stability of the gel-gel region interactions as might be expected in the dried state. Therefore, with increasing dehydration, i.e. higher T m values, an increase in cooperativity is expected for a membrane that retained its original overall structure and organization. Therefore, the higher cooperativity values measured for growth medium samples (T d = 5°C) indicated that the cell membranes experienced minimal destructive changes when dried under these conditions. The reduction of destructive changes, such as fusion and vesiculation, may be due to the membrane bilayer being energetically less susceptible to fusion events in the gel phase [52] . Even though the damage associated with lyotropic phase change during dehydration could be minimized by drying G. sulfurreducens at T d = 5°C, the additional stress due to presence of extracellular sucrose can still be detrimental. Even the presence of 6.75% sucrose caused a significant decrease in viability (Fig. 5) . This was reflected by the significantly lower cooperativity of 6.75% sucrose samples (T d = 5°C) (P = 0.017) as compared to growth medium samples (T d = 5°C) ( Table 2) . G. sulfurreducens samples slowly dehydrated in 0% and 13.5% sucrose (T d = 30°C) also did not exhibit increased cooperativity with increased T m (T m N 32°C) due to already existing membrane damage with progressive dehydration (i.e. the increase in membrane damage with T m beyond a certain threshold offsets the propensity for increased cooperativity.
The results presented here highlight the two main factors of importance during dehydration of G. sulfurreducens. The first factor is the existence of two distinct mechanisms of membrane damage dependent on the rate of osmotic stress (Fig. 6) . The second factor is that the lyotropic phase transition during drying enhances membrane damage. By considering these two factors it may be possible to design an appropriate procedure to produce coatings with a high percentage of viable G. sulfurreducens bacteria.
Summary
We determined that G. sulfurreducens viability decreased with increasing sucrose concentration in the medium showing that extracellular sucrose acted only as an osmolyte and did not protect G. sulfurreducens against the dehydration stress. Depending on the rate of application of the hyperosmotic stress, we identified two different membrane damage mechanisms to be responsible for viability loss in G. sulfurreducens. We have also established that the resistance of G. sulfurreducens to hyperosmotic stress could be improved when lyotropic phase transition was avoided during dehydration by desiccating the bacteria at a temperature lower than the membrane phase transition temperature. We have therefore distinguished the effects of the lyotropic and thermotropic phase transitions of the cell membrane on the hyperosmotic stress survival of G. sulfurreducens.
